Concerted evolution of multicopy gene families in vertebrates is recognized as an important force in the generation of biological novelty but has not been documented for the multicopy genes of protozoa. A multicopy locus, Tpr, which consists of tandemly arrayed open reading frames (ORFs) containing several repeated elements has been described for Theileria parva. Herein we show that probes derived from the 5/N-terminal ends of ORFs in the genomic DNAs of T. parva Uganda (1,108 codons) and Boleni (699 codons) hybridized with multicopy sequences in homologous DNA but did not detect similar sequences in the DNA of 14 heterologous T. parva stocks and clones. The probe sequences were, however, protein coding according to predictive algorithms and codon usage. The 3/C-terminal ends of the Uganda and Boleni ORFs exhibited 75% similarity and identity, respectively, to the previously identified Tpr1 and Tpr2 repetitive elements of T. parva Muguga. Tpr1-homologous sequences were detected in two additional species of Theileria. Eight different Tpr1-homologous transcripts were present in piroplasm mRNA from a single T. parva Muguga-infected animal. The Tpr1 and Tpr2 amino acid sequences contained six predicted membrane-associated segments. The ratio of synonymous to nonsynonymous substitutions indicates that Tpr1 evolves like protein-encoding DNA. The previously determined nucleotide sequence of the gene encoding the p67 antigen is completely identical in T. parva Muguga, Boleni, and Uganda, including the third base in codons. The data suggest that concerted evolution can lead to the radical divergence of coding sequences and that this can be a mechanism for the generation of novel genes.
Organisms contain two major categories of genes, ancient conserved housekeeping genes such as those encoding metabolic enzymes and rRNA and phylogenetically restricted genes with diverse functions specialized for the lifestyles of specific taxa (21) . Among the parasitic protozoa, well-known examples of the latter class of genes are multicopy gene families, such as the variant surface glycoproteins of African trypanosomes (reviewed in references 11 and 42) and the recently described var genes of Plasmodium falciparum (4, 48, 49) , which have evolved to allow the expression of peptide diversity in order to evade the immune responses of the vertebrate host. In the generation of the phylogenetically restricted repertoire of genes, the major mechanisms involved are believed to be gene duplication allowing the subsequent divergence of additional copies (41) and shuffling of preexisting exons (50) . Other mechanisms include direct recruitment from existing genes as exemplified by the lens crystallins of the eye (53) and overprinting, the translation of an existing sequence in a different reading frame (21) .
The sporozoan parasite Theileria parva, which causes East Coast fever in cattle, is transmitted by the tick Rhipicephalus appendiculatus, which introduces the mammal-infective sporozoite stage of the parasite into the blood of cattle. The parasite has two intracellular stages in the mammalian host, the multinucleate schizont, which transforms bovine lymphocytes, and the piroplasm in erythrocytes, which is infective for the vector. The Tpr locus, which is hyperpolymorphic between T. parva isolates (1, 5, 10) , consists of an array of tandemly arranged open reading frames (ORFs), which are predicted to encode proteins, although many copies are partial in that they lack inframe ATG codons near their 5Ј ends (3) . Herein we show that the Tpr ORFs are transcribed into heterogeneous mRNAs and contain predicted transmembrane domains characteristic of integral membrane proteins. The 3Ј/C-terminal ends of the ORFs evolve as if they code for protein(s) which are conserved between Theileria species. By contrast, multiple copies of the DNA sequences at the 5Ј ends of the Tpr units are not detectably similar between different T. parva cloned isolates but are still conserved as long ORFs with the codon usage properties of protein-encoding DNA.
Concerted evolution is the process whereby the sequences of multicopy gene families diverge between populations but the individual gene copies within the family are homogenized. It is most studied in the context of the fixation of variant sequences within tandemly arrayed gene families of vertebrates, such as rRNA and histone genes (2, 14 ; reviewed in reference 13). The multicopy isolate-specific sequences at the 5Ј ends of the T. parva ORFs constitute a dramatic example of concerted evolution. The data suggest that gene duplication, in conjunction with concerted evolution, can be responsible for the divergence of DNA sequences with protein-coding potential, to the extent that they exhibit no apparent similarity in nucleotide sequence or identity in deduced amino acid sequence.
infected lymphocyte cell cultures, the former isolated from an eland and the latter isolated from cattle. The Theileria annulata Tova stock has been described previously (51) . Purification of piroplasms and preparation of T. parva schizontinfected lymphocyte and piroplasm DNA were as described previously (10) .
Isolation of genomic Tpr DNA sequences. Libraries of sheared T. parva Uganda and T. parva Boleni DNA fragments were prepared in gt11 from purified piroplasm DNA by the methods of Young et al. (55) . The libraries were screened with radiolabelled T. parva total genomic DNA as described elsewhere (10) . The DNA inserts from T. parva Boleni (pTprBol, 2,275 bp) and T. parva Uganda (pTprUgB, 2,370 bp) clones which hybridized strongly to homologous total DNA were subcloned into the EcoRI site of pUC19. A second T. parva Uganda Tpr clone (pTprUgA) was isolated by PCR amplification from genomic DNA with primers ILO 1099 and ILO 1322 (see Table 1 and Fig. 1 ). The 1,504-bp PCR product was cloned into the EcoRV site of pBluescript (Stratagene) by the T-vector procedure (27) . Standard genetic manipulation procedures were as described in the work of Sambrook et al. (44) .
Tpr DNA probes. The T. parva Muguga probe located at the 3Ј end of the Tpr ORF was a 623-bp genomic DNA sequence cloned in pUC8, the nucleotide sequence of which has been determined previously (1) . The T. parva Uganda and Boleni 3Ј-end probes were 280-bp sequences which were PCR amplified from genomic DNA and cloned into SmaI-cut pUC19 (5). The T. parva Muguga probe containing sequences located at the 5Ј end of the Tpr ORF was H1477, a PCR product corresponding to Tpr3 (3). Probes containing the 5Ј-end sequences of T. parva Boleni and Uganda Tpr ORFs were generated by taking advantage of unique NdeI sites in both the cloned Tpr sequences and pUC19 to delete the 3Ј sequences. The extent of the probes with respect to the ORFs is indicated in Fig.  1 .
RNA preparation and isolation of cDNA clones. For PCR amplification, piroplasm, schizont-infected lymphocyte, and sporozoite-infected tick salivary gland RNA was prepared by the acid phenol method (9) . First-strand cDNA was prepared by using the Reverse Transcription System (Promega), and 1-l aliquots were used directly in PCRs. For library construction, piroplasm RNA was prepared by the method of Han et al. (18) and poly(A)
ϩ RNA was purified as described previously (39) . A Bethesda Research Laboratories cDNA synthesis kit was used, according to the manufacturer's instructions, to prepare cDNA which was cloned into gt11 arms (Promega). The library was screened with the 623-bp T. parva Muguga Tpr fragment, and the inserts (1,310 and 1,338 bp) were subcloned into the EcoRI site of pUC19. Six additional cDNA clones were isolated by PCR amplification from first-strand cDNA primed with ILO 150, an oligo(dT) primer with a G/C-rich sequence at the 5Ј end to allow the use of stringent priming conditions to amplify the 3Ј ends of cDNA. The PCR used as primers ILO 194, which was located approximately 700 bp upstream of the 3Ј end of the Tpr1 ORFs (see Fig. 1 ), and ILO 150 (Table 1) . In control reactions, genomic DNA templates were not amplified with these primers under the conditions used. The PCR products (739 to 888 bp) were cloned into the EcoRV site of pBluescript KS.
PCR amplification of genomic DNA and cDNA. Amplifications were performed with Promega Taq polymerase in the buffer supplied by the manufacturer with the addition of 1.5 mM MgCl 2 . The cycling conditions were denaturation at 94ЊC for 60 s, annealing at 55ЊC for 60 s, and extension at 72ЊC for 90 s for 30 cycles.
Nucleotide sequencing. Nucleotide sequencing strategies employed were either generation of nested deletions with exonuclease Bal 31 (Bethesda Research Laboratories) and subcloning of the deletions into SmaI/EcoRI-cut M13mp18 or synthesis of successive rounds of oligonucleotide primers. Sequencing reactions used either the Sequenase kit (United States Biochemicals) or the "fmol" DNA sequencing system (Promega). Sequences were determined on both strands.
Gel electrophoresis and Southern hybridization. Restriction endonuclease digests of piroplasm (1 g) or schizont-infected lymphocyte DNA (20 g) were carried out to completion according to the manufacturer's specifications (New England Biolabs). The DNA was size fractionated in 0.8% agarose gels and transferred onto nylon filters. Following hybridization, filters were washed in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% sodium dodecyl sulfate at 60ЊC, unless otherwise indicated in the individual figure legends.
Pulsed-field gel electrophoresis. Preparation of T. parva high-molecularweight DNA, digestion of the agarose-embedded DNA with SfiI, and separation of restriction endonuclease-digested fragments by contour-clamped homogeneous electric field (CHEF) electrophoresis were performed according to the methods of Morzaria et al. (33) . For CHEF electrophoresis, a sequential pulse frequency of 10 s for 16 h and 40 s for 2.5 h at 200 V was used. Size markers were concatemers of bacteriophage cI857 Sam 7 ladders and Saccharomyces cerevisiae chromosomes (Cambridge Bioscience).
Nucleotide sequence accession numbers. Nucleotide sequences were submitted to the GenBank database with accession numbers L48610 (Boleni genomic DNA, 2,276 bp), L48615 (Uganda genomic DNA, 1,504 bp), L48612 (Uganda genomic DNA, 2,370 bp), and L48611 (Muguga cDNA, 1,338 bp).
RESULTS
Comparative analysis of Tpr ORFs between T. parva isolates. Genomic clones containing DNA from T. parva Boleni and T. parva Uganda were isolated on the basis of their strong hybridization with radiolabelled homologous total DNA. The nucleotide sequences of two of the selected clones revealed the presence of long ORFs of 2,099 bp (699 codons) in a T. parva Boleni sequence and 1,872 bp (624 codons) in a T. parva Uganda sequence which were incomplete at the 5Ј and 3Ј ends, respectively. The nucleotide and deduced peptide sequences of the 3Ј/C-terminal end (233 codons) of the Boleni ORF exhibited 75% similarity and identity, respectively, with a section of Tpr1, a repetitive coding element (100 copies per genome) which is a constituent of tandemly arrayed ORFs within the T. parva Muguga Tpr locus (3). One of the copies of the Tpr1 element forms the 3Ј end of a 2,415-bp (805-codon) ORF in T. parva Muguga DNA (3). In addition, a 360-bp sequence in the middle of the Boleni ORF was 75% identical to a second repeated element, Tpr2 (30 copies per genome), also present within the 2,415-bp ORF. The organization of the T. parva Muguga genomic ORFs and their constituent repeat units, which were determined in an earlier study, is shown in Fig. 1A . PCR amplification using primers ILO 1099 and 1322 ( Fig. 1 and Table 1 ), derived from the 3Ј end of the 1,872-bp Uganda ORF and the 3Ј end of Tpr1, respectively, generated a PCR product containing a 1,504-bp (501-codon) ORF from Uganda genomic DNA, which overlapped the 1,872-bp Uganda ORF by 51 bp. The 1,504-bp Uganda ORF contained Tpr1-and Tpr2-homologous elements at the 3Ј end, similar to those in the ORF in the cloned T. parva Boleni DNA. Amplification using primers ILO 1231, located near the 5Ј end of the 1,872-bp Uganda ORF, and ILO 1322 ( Fig. 1 and Table 1 ) generated a PCR product of approximately 3,300 bp from Uganda genomic DNA, which was consistent with the overlapping of the ORFs in the two cloned sequences as a 3,325-bp (1,108-codon) ORF in T. parva Uganda genomic DNA (Fig. 1) .
There was no significant similarity (Ͼ50% over 100 bp) or identity (Ͼ25% over 100 amino acids) among the 5Ј/N-terminal ends of the Muguga (210 codons), Boleni (305 codons), and Uganda (665 codons) ORFs, when either the nucleotide or the deduced peptide sequences were compared. The regions of similarity and difference among the T. parva Muguga, Boleni, and Uganda ORFs are summarized diagrammatically in Fig.  1B .
All the Tpr ORFs were predicted to be protein-encoding DNA by the algorithms of Fickett (17) and Shepherd (46) . This remained true even when the analysis was applied independently to the 5Ј ends of the ORFs which were not conserved among the three different T. parva isolates. The nine codons which are rarely used in protein-encoding Theileria and Babesia genes (16) were represented rarely, or not at all, in the ORFs.
Blot analysis of T. parva genomic DNA using 5 and 3 Tpr ORF probes. Probes derived from the isolate-specific 5Ј and conserved 3Ј regions of the Tpr ORFs (Fig. 1) were hybridized to EcoRI-digested DNAs from stocks and clones of T. parva. The 5Ј probes hybridized to many EcoRI fragments in homologous DNA derived from cloned isolates of Muguga, Boleni, and Uganda ( Fig. 2A, B , and C), indicating the existence of multiple copies of these sequences in the T. parva genome. The 5Ј-end probes hybridized specifically to the DNA of the homologous parasite clone even at low washing stringencies ( Fig.  2A, B , and C), except in the case of the T. parva Muguga probe, which hybridized weakly to T. parva Uganda DNA (Fig. 2C,  lane 3) . The 3Ј probes hybridized to multiple polymorphic restriction fragments in the DNA of both homologous and heterologous isolates, and the restriction patterns were similar for the probes from all three stocks ( Fig. 2D ; a representative result with the T. parva Muguga probe is shown). The se-VOL. 17, 1997 CONCERTED EVOLUTION IN THEILERIA PARVAquences containing the 5Ј ends of the Tpr ORFs were, therefore, absent from or highly divergent in the DNAs of other cloned isolates, although present in multiple copies in the genome of the homologous clone. The T. parva Uganda 5Ј probe did not hybridize to the EcoRI-digested DNAs of 12 additional T. parva isolates from a wide geographical range (Fig. 2E) . Similar results were obtained when the T. parva Boleni 5Ј probe was hybridized to the same 12 isolates (data not shown).
The approximate genomic copy number of the isolate-specific 5Ј section of the T. parva Uganda Tpr ORF was assessed by hybridization of the Uganda 5Ј probe to a dilution series of known amounts of the probe sequence and genomic DNA from the cloned parasite. Quantitative comparison of the intensity of hybridization of the probe to the cloned sequence and the genomic DNA indicated a copy number of between 10 and 20.
Comparison of different copies of Tpr ORFs within T. parva isolates. The nucleotide sequences of two additional genomic clones which contained Tpr sequences, one from T. parva Uganda (2,392 bp) and one from T. parva Boleni (2,753 bp), were determined on one strand. The T. parva Uganda sequence contained a 656-codon ORF which was incomplete at the 3Ј end. The ORF exhibited 79% nucleotide similarity and 60% amino acid identity over its whole length with the isolatespecific 5Ј end of the first Uganda ORF. There were a total of Oligo(dT) clamp primer for cDNA amplification 12 nucleotide insertions or deletions between the two sequences, but these were multiples of 3 (3 to 21 bp) such that the ORF was conserved. Part of a third T. parva Uganda Tpr ORF was isolated by PCR amplification from the genomic DNA of the cloned parasite by using as primers ILO 1231 and an oligonucleotide which was the reverse complement of ILO 1099 ( Fig. 1 and Table 1 ). Nucleotide sequence analysis indicated that this partial copy was more closely related to the first ORF (an ORF which was identical in sequence to the first ORF was also amplified with these primers) in that it was 94% similar over the 325 bp of sequence which was determined. The additional T. parva Boleni sequence contained a 618-codon ORF which was incomplete at the 5Ј end. The 3Ј/C-terminal 500 codons of this ORF exhibited approximately 90% similarity and identity with the corresponding region of the first sequenced Boleni ORF; the homologous section encompassed 160 codons within the isolate-specific section of the ORF. The N-terminal 270 and 120 codons of the first and second Boleni Tpr ORFs, respectively, were not similar at the DNA or protein levels. The isolate-specific 5Ј sections of the Tpr sequences thus showed a high degree of similarity and identity between different copies within a genome and were maintained as ORFs in the examples studied. The ORFs were, however, not absolutely conserved in length and also contained domains which were divergent between the copies. The Tpr ORFs are tandemly arrayed within a single region of the T. parva genome. Previous analysis has shown that in T. parva Muguga the Tpr ORFs are present as a tandem array (3) and that the Tpr1 sequences are located on two adjacent, chromosome-internal, SfiI fragments (numbers 3 and 6) in the T. parva Muguga genome (34) . In this study, a 115-bp sequence with 78% similarity to the extreme 3Ј end of the T. parva Muguga Tpr1 was identified 300 bp upstream of the large 624-and 656-codon ORFs in Uganda DNA (Fig. 1) , indicating that the ORFs are also tandemly arranged in T. parva Uganda. The 5Ј and 3Ј probes derived from T. parva Uganda Tpr ORFs ( Fig.  1 ) both hybridized to a single SfiI fragment of about 600 kb in size in CHEF gel separations of T. parva Uganda DNA (Fig.  3) . Multiple copies of the conserved and nonconserved sections of the Tpr ORFs are thus located together on a single SfiI fragment in T. parva Uganda DNA.
Tpr1-homologous sequences are present in other species of Theileria. A Southern blot of EcoRI-digested DNAs of T. parva, T. taurotragi, and T. annulata was hybridized with the T. parva Muguga 3Ј Tpr1 probe. Under low-stringency washing conditions, the probe hybridized to multiple EcoRI fragments in T. taurotragi and T. annulata DNA (Fig. 4, lanes 2 to 4) but not to trypanosome or uninfected bovine DNA (Fig. 4, lanes 5  and 6) . The 3Ј section of Tpr1 is therefore conserved among several Theileria species.
Polymorphic transcripts derived from Tpr sequences. It has previously been shown, by Northern blot analysis, that Tpr1 and Tpr3 are transcribed in the piroplasm, but not the schizont stage of T. parva Muguga, with hybridization to discrete RNA bands of 3.5 and 3.1 kb in size being observed (3). The nucleotide sequences of eight Tpr1-homologous piroplasm cDNAs (1,338 to 739 bp in length) which were derived from parasite RNA from a single animal experimentally infected with the uncloned T. parva Muguga stock were determined (data not shown; GenBank accession number L48611). The extent of the transcripts with respect to the 805-codon T. parva Muguga genomic ORF is indicated in Fig. 1 . The transcripts were derived from a minimum of four loci, as assessed by the observation of four very distinct 3Ј untranslated sequences among the eight clones, and all were polyadenylated. The 3Ј untranslated region of one of the cDNAs was identical to the region 3Ј of the 805-codon genomic ORF but differed within the coding region. None of the transcripts was identical in sequence within the potential protein-coding sequences. Within the 700 bp at the conserved 3Ј end of Tpr1, which was also present in the Boleni and Uganda sequences (Fig. 1) , the most similar pair of transcripts differed at 2 nucleotide positions and the most different differed at 18 nucleotide positions. A small proportion of the substitutions in the cDNAs generated by PCR amplification may be attributable to nucleotide misincorporation by Taq polymerase. However, about 50% of the substitu- VOL. 17, 1997 CONCERTED EVOLUTION IN THEILERIA PARVAtions in the PCR-generated cDNAs were located at sites at which the two cDNAs isolated by library screening also differed from one another, strongly indicating that many of the sequence differences observed were real. The two longest cDNAs extended into the 5Ј end of the T. parva Muguga Tpr1, for which no equivalent sequences were present in the T. parva Boleni and Uganda ORFs (Fig. 1) . Many of the nucleotide sequence differences in the 5Ј end of Tpr1 resulted in amino acid substitutions between the deduced peptides (14 amino acid substitutions from 32 nucleotide differences), whereas a greater proportion of the nucleotide substitutions within the 3Ј end of Tpr1 were synonymous at the amino acid level (four amino acid substitutions from 13 nucleotide differences). The nonconserved 5Ј end of Tpr1, including the region which was homologous to the 5Ј end of the cDNAs, was amplified from genomic DNA by using primers ILO 4517 and ILO 4518 ( Fig.  1 and Table 1 ). When this PCR product was used to probe blots of T. parva Muguga, Boleni, and Uganda DNA, it hybridized strongly to nine restriction fragments in Muguga DNA, less strongly to a single fragment in Uganda DNA, and not at all to Boleni DNA, after washing in 1ϫ SSC-0.1% sodium dodecyl sulfate at 65ЊC (data not shown).
Predicted transmembrane segments at the C-terminal end of Tpr ORFs. The C-terminal regions of the Tpr ORFs exhibited high hydropathicity and were predicted to be integral membrane proteins (23, 24) . A computer-assisted search of the deduced protein sequences encoded by the Muguga, Boleni, and Uganda ORFs using three different algorithms, those of (Fig. 5) shows that the location and sequence of the membrane-associated segments are conserved in all three ORFs. The Tpr3 region at the 5Ј end of the T. parva Muguga ORF contained three additional predicted transmembrane helices, without equivalents in the Boleni and Uganda ORFs. The isolatespecific 5Ј ends of the Boleni and Uganda ORFs were relatively hydrophilic (23) and did not contain membrane-associated sequences.
The conserved region of Tpr1 evolves as if it is proteinencoding DNA. The evolution of the conserved 3Ј end of Tpr1 (Fig. 1) was analyzed for the T. parva Muguga, Boleni, and Uganda sequences. The sequences are shown in a CLUSTAL (19) alignment in Fig. 6 . Since there are multiple copies of Tpr1 in the T. parva genome, the sequences compared may not be exact homologs, but it is assumed that all the copies of Tpr1 are ultimately derived from a single ancestral copy by gene duplication. A comparison of the numbers of synonymous and nonsynonymous substitutions was performed by the methods of Nei and Gojobori (38) . This analysis revealed that the ratio of synonymous substitutions per synonymous site to nonsynonymous substitutions per nonsynonymous site was approximately 4:1. The excess of synonymous substitutions suggests that the Tpr1 region of this repeat family is evolving under selective constraints with respect to mutations causing amino acid re- placements, a characteristic property of DNA sequences that encode proteins (22, 31) .
DISCUSSION
The results presented herein demonstrate the presence of multiple copies of DNA sequences in the genome of individual T. parva cloned isolates, which are maintained as ORFs with protein-coding potential as assessed by patterns of codon usage, although similar sequences are not detectable by hybridization in other stocks and clones of the parasite. The isolatespecific regions of the T. parva Boleni (305 codons) and Uganda (665 codons) ORFs are considerably longer than the largest ORFs (200 codons) generated by chance in simulation studies of random DNA sequences (45) . The data indicate strong selective pressure both for nucleotide sequence divergence and for maintenance of the ORFs. It is unclear whether maintenance of ORFs implies that they encode proteins, since evidence has recently been presented for the existence of ORFs in the genome of yeast which do not encode proteins (7, 54) . If the N-terminal ends of the Tpr ORFs encode domains within proteins, their functions must be minimally dependent on amino acid sequence, so that like fibrinopeptides (12) they can tolerate almost any amino acid change. Despite their lack of detectable sequence identity, the proteins encoded by the Tpr ORFs could have common structures, since it is known from X-ray crystallographic data that protein tertiary structure is often more conserved than primary amino acid sequences (28) . One example in protozoan parasites is the N-terminal variable domains of trypanosome variant surface glycoproteins (6) .
The nucleotide sequence of the p67 sporozoite antigen gene (39) , which is encoded on the same 780-kb SfiI fragment as the Tpr locus (34) , is identical in T. parva Muguga, Boleni, and Uganda (40) . The unusual conservation of the p67 gene, which extends to the 29-bp intron and the third base position of all codons, is in marked contrast to the exceptional divergence of the Tpr sequences. These data provide evidence for the existence of domains in the genome which differ in sequence stability. Such domains have previously been proposed for other protozoan parasites (29; reviewed in reference 25). The chromosome-internal location of the hyperpolymorphic Tpr locus (34) is unusual, since a common theme in the genomic plasticity of parasitic protozoa, including Plasmodium, Trypanosoma, and Giardia, is the compartmentalization of chromosomes into conserved central domains and polymorphic ends (reviewed in reference 25).
The multiple copies of the isolate-specific 5Ј ends of the Tpr sequences in T. parva Boleni and Uganda, which are absent from other stocks and clones, are a dramatic example of concerted evolution or molecular drive, whereby multicopy sequences diverge between, but are homogenized within, populations (2, 14; reviewed in reference 13). Concerted evolution was in addition apparent at the divergent 5Ј ends of the Tpr1 repeat units which were demonstrated to be transcribed into mRNA by sequencing of cDNA clones. The relatively conserved regions of the Tpr locus also exhibit concerted evolution, as the Tpr1 and Tpr2 elements show 90 and 97% similarity, respectively, between copies within the T. parva Muguga genome (3) but only 75% similarity between genomes. Concerted evolution has been most studied in the context of the evolution of the rRNA and histone multicopy gene families (13) , but the tandem arrangement of the Tpr genes would facilitate the rapid dissemination throughout the locus of mutations originating in individual copies of the gene family, through unequal crossing over (37) , gene conversion (47) , and other mechanisms of genetic turnover (13) . We therefore suggest that in T. parva concerted evolution has been responsible for the generation of novel DNA sequences which are maintained as ORFs with coding potential and therefore represent raw material for the emergence of new proteins. Concerted evolution has primarily been observed through the comparison of sequences between different species of vertebrates and insects. An important aspect of the mechanism is that turnover of chromosomes within a reproductively isolated, sexually reproducing population is more rapid than sequence homogenization of a multicopy family within genomes, resulting in concerted evolution at the population level, which has been called molecular drive (13) . Since the T. parva Muguga, Boleni, and Uganda isolates are from widely separated geographical locations (8, 26, 30) , it is reasonable to assume that they originate from reproductively isolated parasite populations. However, a successful genetic cross between T. parva Muguga and T. parva Uganda has been performed in the laboratory (35) .
The biological role of the Tpr locus is unknown, although the transcription of the Tpr sequences and the conservation of Tpr1 in different Theileria species indicate that they are functionally important. The presence of conserved transmembrane helices suggests that the C termini of the Tpr ORFs potentially encode integral membrane proteins. We have been unable to demonstrate the existence of peptides in T. parva corresponding to the Tpr genomic ORFs, by using antibodies generated against fusion proteins or synthetic peptides. A keyhole limpet hemocyanin-conjugated synthetic peptide, derived from a conserved sequence of Tpr1, which was a predicted antigenic determinant (20) , was nonimmunogenic in rabbits and sheep (4a) . Precedents exist for proteins and peptides of both Trypanosoma and Plasmodium which are refractory to the generation of experimental antisera (43, 52) . The arrangement of the Tpr locus, which is reminiscent of that of vertebrate immunoglobulin genes (3), together with the observation that the eight Tpr1-homologous transcripts from a single T. parva Muguga-infected animal analyzed in this study all had different nucleotide and corresponding deduced peptide sequences, is consistent with the involvement of the Tpr locus in the generation of peptide diversity. In their erythrocytic expression and hypervariability, and in particular the presence of isolate-specific DNA sequences, the Tpr ORFs are most similar to the recently described var gene family of P. falciparum (4, 48, 49) . The var genes are responsible for the erythrocyte cytoadherence and pathology associated with P. falciparum malaria. Further research will be required to determine the role of the Tpr locus in intraerythrocytic infection and transmission to the tick vector during Theileria infections of cattle.
